the phase diagram for a Lennard-Jones system was estimated using conventional NPH molecular dynamics (md) simulations. Standard periodic boundaries were assumed for unit cells containing 1000 molecules. an elongated unit cell with both solid and vacuum sections was found to be suitable for the NPH md simulations when calculating both the melting and vapor pressure curves under pressures lower than the critical one. Under high pressures, a unit cell with both solid and liquid sections was used as the initial configuration to obtain the melting temperature. The results of these simulations were compared with the phase transition point given by the reported equations of state.
Introduction
the phase diagram for a Lennard-Jones (LJ) system [1] was estimated using conventional NPT molecular dynamics (md) simulations in a previous study [2] , in which standard cyclic boundaries were assumed. an elongated unit cell with both solid and fluid sections was found to be suitable for the NPT md simulations when calculating both the melting and vapor pressure curves. the phase boundary between the solid and the gas-phases, however, was difficult to accurately determine using NPT md at low pressures.
For this reason, NPH md [3] [4] [5] is carried out using elongated unit cells with either solid and vacuum or solid and liquid sections with periodic boundaries to estimate the phase diagram for a LJ system. the coexistence states are obtained near the phase boundaries [1] . the summarized phase diagrams are compared with those for the LJ system obtained using the equations of state (EoS) [6] [7] [8] [9] [10] [11] . as NPH md is a conventional computational method, it is far simpler than carrying out sophisticated calculations on the chemical potential [5] .
the simple image of the present method is the heating curve obtained through thermal analysis. a similar curve can be obtained through NPH md for the condensed phase when the initial temperature is changed over a reasonable range under a constant pressure p. If the obtained temperature T is almost constant as a function of the initial temperature T 0 , and the molecular configuration has the characteristics of a coexistence state, then this state (T, p) may be assigned to a phase boundary.
The initial configuration is selected according to the magnitude of the pressure. the sublimation pressure curve is calculated using a very long cell with a large vacuum section. Under a moderate pressure, the number density will be less than that at the critical point. An initial solid-liquid configuration is used to obtain the melting curve under high pressure. as for the crystal surface structure, the (100) surface is used for simplicity. the other surface like the (111) surface is a problem to be studied in future.
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In this work, the molecular interactions of the molecules, modeled as spheres, were based on the LJ potential [1] , which is a function of the interatomic distance r and is given by the following equation: 12 6 ( ) 4 , u r r r
where ε is the depth of the potential well and σ is the separation at which u(σ) = 0. the constants ε and σ have units of energy and length, respectively; numerical values for these constants are provided in table 1 for argon [12] .
Sublimation
Under a very low pressure, a solid-gas coexistence state is ex- There are many large clusters in the gas state configurations.
the initial kinetic energy is not enough to disperse the liquid structures into monomers. the temperature obtained in the gas state is lower than that in the liquid-gas coexistence state because of the large enthalpy of vaporization [1] . the average coexistence temperature of the solid-gas state T SG and the liquidgas state T LG satisfy the following inequality:
these features indicate that the phase boundary is determined by T SG . the liquid state that appears in the liquid-gas coexistence state is that of a supercooled liquid. only the solid and gas states are stable under this pressure.
Melting and vaporization
Under moderate pressures, melting and vaporization are expected. To investigate such conditions, the initial configuration shown in Figure 4 was used.
An example of the final configuration for the case where the initial temperature was 3.2 ε/k is also depicted for a pressure of 0.00312 ε/σ
3
. This final configuration is assigned to the liquidgas coexistent state. Figure 5 shows that the temperature is stable after a short relaxation time. the volume is larger than that at the critical point of argon [1] .
In Figure 6 , three stable phases (solid, liquid and gas states) are observed. the reason why the temperature of the gas state decreases as T 0 increases is due to the large vaporization enthalpy [1] . Figure 7 shows the temperature as a function of the initial temperature, plotted near the critical pressure. the transition state between the liquid and gas states is assigned to that shown by Figure 7 , although the interface is not clear in the liquid-gas coexistence state.
Melting under high pressure
In order to obtain the solid-liquid coexistent state under high pressure, an initial configuration was used in which the solid and the liquid phases are combined as shown in Figure 8 . an example of the time-variation of the temperature is shown in 
Phase diagram and triple point
the phase diagram is obtained in the summary of the coexistence temperature as a function of pressure, as shown by the circles in Figure 11 . this is compared with the transition point determined by the published equations of state [6] [7] [8] [9] [10] [11] . the agreement between the two is satisfactory. an enlarged view of the region around the triple point is shown in Figure 12 .
the solid-liquid coexistence temperature curve is very steep in p-T space, meaning that the triple point temperature can be determined with a relatively high accuracy as shown in table 3. on the contrary, the triple point pressure is not easily determined.
It was estimated from the point at which the melting curve and the boiling point curve cross using the plot shown in Figure   Figure 6 . average temperature as function of initial tempera- T 0 = 2.62 ε/k, p = 7.11 ε/σ 3 . Figure 9 . temperature as function of time. the time variation of the volume V is also shown. T 0 = 2.62 ε/k, p = 7.11 ε/σ 3 . Figure 10 . temperature as function of initial temperature. p = 7.11 ε/σ12. this crossing point is also close to the point at which the melting curve and the sublimation curve cross. the estimated triple point pressure is shown in table 3 and compared with that found in previous work [2, 17] . the present result is consistent with free energy calculations [16] [17] [18] . the experimental results on argon [1] are also compared with the calculated properties.
the macroscopic triple point temperature of argon is higher than that in the LJ system by about 10%. the critical temperature T c is estimated by md as follows [19] . 
In this comparison, the md result with the LJ parameters in table 1 is close enough to the experimental value on argon.
another LJ parameter set chosen such that both methods give the same critical temperature [19, 20] gives a 6% difference in the triple point temperature [20] . the 12-6 LJ function may not always be suitable to express the low temperature properties of argon. Figure 15 . In the liquid-gas transition region, it is difficult to determine whether to assign the liquidgas coexistence state or the gas state, because the cell is too long and very narrow.
Some examples of the initial configurations and animations
are shown in the appendix of this journal. Figure 11 . Phase diagram for Lennard-Jones system obtained through NPH molecular dynamics simulations. the phase transition points given by the published equations of state [6] [7] [8] [9] [10] [11] are also shown. Figure 12 . Phase diagram around triple point. In the liquid-gas transition region, the liquid-gas coexistence state was not assigned.
